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Maximal voluntary isometric torque–angle relationships of elbow extensors and flexors in the transverse
plane (humerus elevation angle of 90�) were measured at two different horizontal adduction angles of the
humerus compared to thorax: 20� and 45�. For both elbow flexors and extensors, the torque–angle rela-
tionship was insensitive to this 25� horizontal adduction of the humerus. The peak in torque–angle rela-
tionship of elbow extensors was found at 55� (0� is full extension). This is closer to full elbow extension
than reported by researchers who investigated this relationship in the sagittal plane. Using actual elbow
angles during contraction, as we did in this study, instead of angles set by the dynamometer, as others
have done, can partly explain this difference.

We also measured electromyographic activity of the biceps and triceps muscles with pairs of surface
electrodes and found that electromyographic activity level of the agonistic muscles was correlated to
measured net torque (elbow flexion torque: Pearson’s r = 0.21 and extension torque: Pearson’s
r = 0.53). We conclude that the isometric torque–angle relationship of the elbow extensors found in this
study provides a good representation of the force–length relationship and the moment arm–angle rela-
tionship of the elbow extensors, but angle dependency of neural input gives an overestimation of the
steepness.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In studies of motor control, arm movements are typically made
in the transverse plane, i.e. the subject holds the arm at shoulder
height, approximately at 90� elevation of the humerus, and endo-
rotated such that the lower arm moves in the horizontal plane
(Gomi and Kawato, 1997; Gribble et al., 2003; Kistemaker et al.,
2006; Nijhof and Gabriel, 2006; Smeets et al., 1990). Working in
this plane has the advantage that the effect of the gravitational
force on the movement is eliminated. For simulation of this type
of movement a model of the elbow joint and the muscles actuating
it is needed, but an adequate description of isometric torque-angle
curve of elbow extensors in the transverse plane is lacking in the
present literature.

Most studies investigating torque-angle relationships at the el-
bow use a set-up in the sagittal plane, i.e. the subject holds the
upper arm beside the thorax, approximately at 0� elevation of
the humerus, and endorotated such that the lower arm moves in
the anterior-posterior plane (Elkins et al., 1951; Osternig et al.,
ll rights reserved.

te Move, Faculty of Human
straat 9, 1081 BT Amsterdam,
1977; Singh and Karpovich, 1966). We suspect that torque-angle
curves obtained in the sagittal plane are inappropriate for model-
ing arm movements in the transverse plane because an important
elbow flexor (m. biceps brachii) and an important elbow extensor
(m. triceps brachii) are biarticular; their length is not only deter-
mined by the elbow angle but also by the angle of the glenohu-
meral joint. Also, the pronation and supination angle of the lower
arm affects the maximal isometric torque development at the el-
bow (Elkins et al., 1951). A study that reports measurements of tor-
que-angle relationships in the transverse plane and with the lower
arm fixed in neutral position between pronation and supination is
relevant because this corresponds to lower arm position in point-
to-point movements used in studies of motor control.

A common method to obtain isometric torque-angle relation-
ships is to ask participants to produce a maximal amount of force
repeatedly at different joint angles. When using these maximal
voluntary contractions (MVC) it is not guaranteed that participants
activated their muscles maximally and/or to the same extent at all
elbow angles. For elbow flexion torque it has been shown that
healthy participants are unable to fully activate the biceps but that
muscle inhibition is small (2%) (Dowling et al., 1994) and not re-
lated to elbow angle within a range of 30–120� (Brondino et al.,
2002). For elbow extension torque this has not yet been investi-
gated. Therefore, it seems relevant to measure electrical activity
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(EMG) of biceps and triceps when obtaining isometric torque-angle
relationships of the elbow. This can indicate whether variations in
neural input of the agonistic muscle contributed to the shape of the
torque-angle curves as found in the present study. Based on the
above mentioned research we expect this contribution to be small
(<5%). Furthermore, we wanted to estimate based on the antago-
nistic muscle activity how much we underestimated maximal iso-
metric torque of the agonist by neglecting the contribution of the
antagonistic muscle torque to the measured net joint torque.

Another relevant issue that we wanted to address in this study
is the level of detail needed in modeling the shoulder girdle, an
assembly of joints between thorax, scapula, clavicula and humerus,
when it comes to simulating arm movements in the transverse
plane. Describing how the maximum in the torque-angle curves
of elbow flexors and extensors depends on horizontal adduction
angle of the humerus will provide information on this point. We
expect that with horizontal adduction the biceps (short head)
would shorten and triceps (long head) would lengthen, causing
the maximum in the torque-angle curve of these muscles to shift
towards a more extended elbow angle. This could cause a similar
shift in the total torque-angle curve of elbow flexors and extensors.

The purpose of this study is to gain more detailed knowledge of
the isometric torque-angle relationships at the elbow. Maximal
voluntary isometric torque of both elbow flexors and extensors
was measured over a wide range of elbow angles and at two differ-
ent prescribed horizontal adduction angles between thorax and
humerus. The isometric torque-angle relationship of elbow exten-
sors in the transverse plane was documented and its dependency
on the horizontal adduction angle is investigated for both elbow
extensors and flexors. We hypothesize that the maximum in the
torque-angle curve of both elbow flexor and extensor will shift to
more extended elbow angle with increasing horizontal adduction
in the shoulder. With this study, we hope to contribute to the
development and validation of musculoskeletal models of the el-
bow and shoulder to be used in simulating motor tasks that involve
arm movements in the transverse plane.
th
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2. Methods

2.1. Participants

Eleven healthy subjects (6 male and 5 female) with a mean age
of 32 years (range 22–44 years) and without physical constraints at
the neck, shoulder or arm at the time of the experiment volun-
teered. Participants varied in their professional activity and the
sport they practiced in their leisure time. The local ethical commit-
tee approved the experiment. After receiving information about
the experimental procedures, all participants signed an informed
consent form.
elb

B

Fig. 1. (A) Definitions of relative angles between thorax and scapula (uts), scapula
and humerus (ush), thorax and humerus (uth) and ulna and humerus (uelb) as used
in this study. Note that with these definitions the angle is zero when the joint is
maximally extended. (B) The angle imposed by the dynamometer is defined as helb.
2.2. Experimental set-up

Subjects were seated in the dynamometer and strapped tightly
to the chair with safety belts to prevent trunk motion. The axis of
rotation of the dynamometer arm was oriented vertically. The
chair was adjusted so that the participant’s arm was at shoulder
height when placed on the dynamometer arm. For all participants
the right arm was measured. The lower arm was fixed in neutral
position in between pronation and supination. The length of the
dynamometer arm was adjusted so that the rotation axis of the el-
bow (epicondylus medialis humeri) was in line with the rotation
axis of the dynamometer arm.

Due to deformation of soft tissue, the joint angles changed from
the values prescribed by the protocol when going from inactive state
to maximal voluntary contraction. For this reason, we determined
joint angles in the transverse plane at the moment of maximal vol-
untary contraction from a photograph taken during each trial. Pas-
sive markers were placed on the wrist (midway between the
processus styloideus of the radius and that of the ulna), on the epi-
condylus lateralis humeri and on the most lateral edge of the acro-
mion to facilitate detection of bony landmarks at the photographs.

Because the biarticular biceps and triceps originate at the scap-
ula and not at the thorax, we also determined the angles in the
transverse plane between thorax and scapula (uts), scapula and hu-
merus (ush) in addition to the angles between thorax and humerus
(uth) and humerus and ulna (uelb). See Fig. 1 for definitions of rel-
ative angles. We chose to measure the orientation of the scapula
with an antenna containing two markers on either side, placed
on the lateral part of the acromion and aligned with the spina scap-
ulae. Previous research has shown that using a skin-based sensor at
the acromion allows for 3D-tracking of the movement of the scap-
ular bone, provided that the humerus elevation angle remains be-
low 100� (Karduna et al., 2001; Meskers et al., 2007). We
acknowledge that using a skin-based acromion marker for 2D-
tracking leads to additional projection error due to scapular med-
ial-lateral rotation and anterior-posterior tilt.

2.3. Equipment

Joint torque at the elbow was obtained with a Biodex System 3
dynamometer (Biodex Medical Systems, Inc., New York) at a sam-
ple frequency of 100 Hz. Electrical activity of biceps and triceps
was collected using a Porti sytem (TMS International BV, Enschede,
The Netherlands) operating at 2000 Hz. The static transverse-plane
kinematics were captured with a photo camera (Nikon Coolpix
990: 3.34 megapixel) mounted overhead.

2.4. EMG

Two pairs of surface electrodes were placed, one pair on biceps
brachii and one pair on the triceps brachii (lateral head) as de-
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scribed on the website of the SENIAM project (http://www.sen-
iam.org/), at a center-to-center inter-electrode distance of 2 cm.
Electromyographic (EMG) data were filtered bidirectionally with
a high-pass filter (Butterworth, cut-off 5 Hz) to remove possible
movement artifacts, rectified, and then smoothed with a low-pass
filter (effective time constant of 50 ms). The resulting smoothed
and rectified EMG will be referred to as srEMG.
2.5. Experimental procedure

Maximal voluntarily isometric contractions were performed at
10 different elbow angles as set by the dynamometer (for imposed
elbow angles (helb) see Table 1) and at two different horizontal
adduction angles between thorax and humerus (hth): 20� and 45�.
A horizontal adduction angle of 45� was the maximal angle that
could be achieved within the set-up of the dynamometer. Partici-
pants were instructed to build up either a flexion or an extension
torque to maximum within a 3-s period. For each helb one pair of
contractions was performed: 3 seconds of flexion and 3 seconds
of extension, separated by a 10-s relaxation period. Participants
were then given a 20-s break after which a new helb was set and
a new pair of contractions was performed. After a short practice
of three contraction pairs, two series of 10 contraction pairs (one
contraction pair at each prescribed helb) were performed. The two
series differed in imposed horizontal adduction angle (hth) and will
be referred to as TH20 and TH45. In between series, participants
could relax as long as they needed. The two horizontal adduction
angles, the 10 elbow angles, and starting with either flexion or
extension in the contraction pair were presented in random order.
2.6. Data processing

From each contraction, a maximal torque value (T) was ob-
tained by finding the highest average over a 0.5-s interval. To be
able to compare data among subjects, we normalized these torques
values for their average over all 20 contractions performed in the
same direction.

The values for srEMG were calculated over the same 0.5 s inter-
vals as used for averaging of the corresponding torque values. They
were normalized in a similar way as the torque values: maximal
biceps srEMG values were divided by their average over all twenty
contractions of elbow flexion torque, and maximal triceps srEMG
values by their average over all 20 contractions of elbow extension
torque.

Angles between body segments (uts, ush, uth and uelb) during
contractions were calculated using the photographs that were ta-
ken during the trials. The photographs were also used to check if
the elbow rotation axis remained in line with the rotation axis of
the dynamometer. We did not instruct participants to keep the el-
bow joint in place because we found it not desirable that partici-
pants would reduce their amount of force to follow this
instruction. Instead, we estimated how much misalignment was
allowed to keep relative error of the measured torque within 5%
of the net torque around the elbow. For all contractions the mis-
alignment remained within 5%-error margin. Details on the esti-
mation of the relative error can be found in Appendix A.
Table 1
Elbow angles as imposed on the participants (helb) compared to the mean (SEM) elbow
reported in degrees with 0� being full extension in the elbow. Data of TH20 was used.

helb 10 20 30 45 60
uelb, flexion 32(3) 38(2) 42(2) 57(2) 69
uelb, extension 20(2) 23(2) 31(2) 37(3) 49
2.7. Statistics

For each prescribed helb we calculated mean and standard error
of the mean (SEM) over all 11 subjects for the normalized torque
values, the normalized srEMG values and the measured elbow an-
gles (uelb). This leads to four mean T-uelb curves and their corre-
sponding srEMG-uelb curves for the biceps and triceps. We report
SEM instead of standard deviations because this study is concerned
with providing mean T-uelb curves and the SEM is illustrative in
how precise the reported mean curves are.

For every participant we modeled the T-uelb curves for the TH20
condition with a polynomial function (with uELB expressed in radi-
ans). We used the Akaike Information Criterion (AIC) with correc-
tion for small sample size to match the data with a minimum of
free parameters. For both elbow flexors and extensors AIC was
minimal for a 3rd order polynomial:

T ¼ aþ b �uelb þ c �u2
elb þ d �u3

elb ð1Þ

The values for the coefficients were averaged over the 11 partici-
pants and displayed as one set of mean a, b, c and d values and their
SEM to model the T-uelb relation of the elbow flexors and one set to
model the T-uelb relation of the elbow extensors.

Part of the variation found in the measured torque may be due
to variation in muscle activation rather than variation in the elbow
angle. To quantify the amount of variation in T–uelb curves due to
angle dependent activation of the agonistic muscles we calculated
Pearson’s correlation coefficients between agonistic srEMG and T
using all trials of the same torque direction leading to one coeffi-
cient for elbow flexors and one coefficient for elbow extensors
for the whole dataset.

We wanted to establish if the T-uelb curves for the two horizon-
tal adduction angles (TH20 and TH45) showed a shift as hypothe-
sized. A MANCOVA was used with the elbow angle at which the
curves reached their maximum (optimal elbow angle) as well as
the corresponding maximal normalized torque as dependent vari-
ables and horizontal adduction angle as independent variable.
Since it has been reported by Tsunoda et al. (1993) that the optimal
elbow angle is different between female and male participants, we
included gender as covariate.
3. Results

As an example, the torque and srEMG data recorded during the
contractions of the elbow flexors in TH20 are shown in Fig. 2. The
figure shows that during each contraction, there was a relatively
large amount of biceps activity compared to triceps activity. The
figure also suggests that the srEMG values were not constant over
the different uelb, which will be discussed later.

3.1. Torque-angle curves of elbow flexors and extensors

The mean T–uelb curves for TH20 are plotted in Fig. 3. These
curves had their maximum at a uelb of 95� for elbow flexors and
for extensors at uelb of 55� for elbow extensors. We modeled these
data with a 3rd order polynomial function (see Eq. (1)). Mean val-
ues for the coefficients a, b, c and d are given in Table 2 and the cor-
responding T–uelb curves are plotted in Fig. 3. For all participants
angles as measured (uelb) during the maximum voluntary contractions. Angles are

75 90 105 115 125
(2) 81(2) 94(2) 105(2) 113(2) 120(1)
(3) 61(4) 78(4) 92(4) 105(5) 116(4)

http://www.seniam.org/
http://www.seniam.org/
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Fig. 2. Example trial of participant 9. (A) Data of one session of maximal voluntary isometric contractions of the elbow flexors. The data of the extension trials have been cut
out. The time interval used to calculate the highest value per trial is marked with a block. (B) Smoothed and rectified EMG data (srEMG) of biceps and triceps. On the right
side, a normalized y-axis is drawn for biceps and triceps separately.
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50 Nm for flexion and 41 Nm for extension. The T-uelb relationship of TH20 can be described with a 3rd order polynomial function (dotted line). Coefficients of the
polynomial function found for flexion torque and extension torque are presented in Table 2.
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the polynomial we found explained the major part of the measured
torque variance (R2 P 0.8). Note that these relationships only pro-
vide a good prediction for the range of elbow angles measured in
this experiment. Extrapolation to angles outside of the measure-
ment range can lead to zero or negative torque prediction.

The maximal torque that was generated differed greatly among
participants: the mean value (SEM) was 65(7) Nm for flexors and
58(8) Nm for extensors. For male participants we found a mean
maximal torque of 85(6) Nm for flexors and 77(9) Nm for exten-
sors, and for female participants we found values of 48(3) Nm for
flexors and 36(2) Nm for extensors.

In order to study the effect of changing the shoulder configura-
tion we plotted the mean T–uelb curves for TH20 and TH45 in
Fig. 3. The curves are very similar. A MANCOVA on both the max-
imal normalized torque and optimal elbow angle showed no signif-
icant difference between TH20 and TH45 (flexors: F1,19 = 0.057,
p = 0.814 and F1,19 = 0.766. p = 0.392; extensors: F1,19 = 0.343,
p = 0.565 and F1,19 = 0.093, p = 0.764).



Table 2
For every participant a 3rd order polynomial function was fit on the torque–angle curves for the elbow flexors and extensors in the TH20 condition. Mean values (SEM) for the
coefficients a, b, c and d are presented along with the mean explained variance (R2). Note that for this fit measured elbow angles were expressed in radians.

a b c d R2

Flexors 0.896 (0.19) �1.31 (0.58) 2.01 (0.50) �0.648 (0.13) 0.96 (0.01)
Extensors �0.417 (0.18) 4.27 (0.68) �3.35 (0.67) 0.773 (0.19) 0.88 (0.02)
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3.2. Angles in shoulder girdle and elbow

The realized mean uth (SEM) over all participants for the two
conditions, TH20 and TH45, were 18(1)� and 44(2)� for elbow flex-
ion, and 20(2)� and 46(2)� for elbow extension. Because the shoul-
der is an assembly of joints between thorax, scapula, clavicula and
humerus we can divide uth into two anatomical joint: uts, between
thorax and scapula, and ush between scapula and humerus (see
Fig. 1). In Fig. 4 these two angles, averaged over the 11 participants,
are plotted against each other for each imposed elbow angle and
for the two conditions (TH20 and TH45). In this figure we can
see that the mean difference in uth between TH20 and TH45 (Duth:
26(2)� and 26(3)� for elbow flexion and extension, respectively)
was only partly reflected in a difference in ush : 11(1)�. This means
that the scapula partly moved along with the humerus and the
change in uth was largely due to a change in uts, which is not
spanned by biceps and triceps. Still the ush in TH20 showed signif-
icantly different from ush in TH45: t18 = �3.0, p = 0.0075 and 9(1)�,
t18 = �6.2, p < 0.001 for elbow flexion and extension, respectively.
3.3. EMG

Fig. 5 shows the mean srEMG-uelb curves for all conditions.
Antagonistic muscle activation measured during this experiment
was low and not related to elbow angle. The mean (SEM) normal-
ized antagonistic activity was 0.26 (0.05) during flexion torque
production and 0.14 (0.04) during extension torque production
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Fig. 4. Mean angle between scapula and humerus (ush) as a function of mean angle
between thorax and scapula (uts), for a horizontal adduction angles of 20� (TH20)
and 45� (TH45) in the shoulder. The long dashed lines indicate the expected
relationship between ush and uts. Note that difference in uth between the TH20
and TH45 condition is only partly reflected in a difference in ush.
(see Fig. 5). Agonistic muscle activation, however, was systemati-
cally related to elbow angle in a similar way as the torque of the
flexors and extensors. We found a low but significant correlation
between srEMG and torque: for elbow flexors (Pearson’s r = 0.21,
p = 0.004) and elbow extensors (Pearson’s r = 0.53, p < 0.001).
4. Discussion

The purpose of this study is to gain more detailed knowledge of
the isometric torque-angle relationships at the elbow, to be used in
studying the control of arm movements. Firstly, we found that the
curve for elbow extension reaches a maximum at an elbow angle of
50–60�. Secondly, we found no effect of changing the horizontal
adduction angle on the torque-angle curve of elbow flexors and
extensors. Below, we will first discuss which factors might have
influenced the results. We will then compare our results on tor-
que-angle curves with previously published data, and finally we
will indicate how our results may justify a possible simplification
in modeling the shoulder girdle for studies of arm movements in
horizontal plane.

4.1. Factors that might have influenced the torque-angle curves of
elbow flexors and extensors

An important factor potentially influencing the shape of the
curve is the neural input to the muscles. In this study, we found
that elbow torque correlated with measured agonistic muscle
activity (See Section 3.3) with a Pearson’s r of 0.21 for elbow flexors
and 0.53 for elbow extensors. If we assume a linear srEMG-torque
relationship this indicates that 5% and 28% of the variation in,
respectively, measured flexion and extension torque can be ex-
plained by the variation in agonistic srEMG. This means that the
greater part of the variation found in the torque-angle relationship
of the elbow flexors and extensors still provides a good representa-
tion of the force-length relationships and the moment arm-angle
relationships of these muscles. We can illustrate this for the elbow
extensors (see Fig. 6) by separating our participants into two
groups: a group of participants that showed a high correlation be-
tween agonistic srEMG and torque (group 1: r > 0.53), and a group
of participants that showed a low correlation (group 2). In group 1,
the srEMG is constant over elbow angle and the corresponding tor-
que-angle curve, although more flattened, still shows its optimum
at the same elbow angle as that of group 2. This means that for
evaluation of the force-length relationship and moment arm-el-
bow angle relationship of the extensor muscles, the torque-angle
curve of elbow extensors gives an accurate indication of the opti-
mal elbow angle but a strong overestimation of the steepness.

Another factor potentially influencing the torque-angle rela-
tionship is activation of antagonists. We found low antagonistic
activity (0.26 (0.05) during flexion torque production and 0.14
(0.04) during extension torque production) independent of elbow
angle (see Section 3.3). This activation will decrease the net joint
torque around the elbow as measured by the dynamometer. It is
not clear how much of this antagonistic srEMG can be attributed
to crosstalk. If we assume that the major part was due to activation
of the antagonist and that a linear relationship between srEMG and
torque was present, this means that the absolute value of the



0 45 90 135
0

0.5

1

1.5

no
rm

al
iz

ed
 S

R
EM

G

0 1 2 

0 45 90 135
0

0.5

1

0 1 2 
φelb (rad) φelb(rad)

φelb (°) φelb (°)

biceps triceps
TH20
TH45

flexion

A B

Fig. 5. Mean normalized, smoothed and rectified EMG (error bars: SEM) averaged over all 11 participants for each imposed elbow angle and plotted separately for a
horizontal adduction angles of 20� (TH20) and 45� (TH45) in the shoulder. (B) A systematic relation between measured agonistic srEMG and elbow angle seems evident for
elbow extension.

0 45 90 135
0

0.5

1

1.5

no
rm

al
iz

ed
 s

rE
M

G

0 1 2 

0 45 90 135
0

0.5

1

1.5

no
rm

al
iz

ed
 to

rq
ue

0 1 2 
A

triceps

B

extensors

mean group1 (n=6)
mean group2 (n=5)

φelb (°)φelb (°)

φelb (rad)φelb (rad)

Fig. 6. For the TH20 condition, the datasets of the maximal voluntary contractions of the elbow extensors (also shown as thin lines in Figs. 5B and 3B) were divided in two
groups. A group with datasets that showed a high correlation between agonistic srEMG en torque (group 1) and a group with datasets that showed a low correlation (group 2).
In group 2, the mean srEMG-angle curve is almost flat and the mean torque-angle curve is flatter as that in group 1 but its maximum occurs at the same elbow angle.

928 I.J. Pinter et al. / Journal of Electromyography and Kinesiology 20 (2010) 923–931
maximal elbow torque produced by the extensors was underesti-
mated by 18% and that of the flexors by 21%. In this estimate we
take into account that the sum of maximal isometric torque of
elbow flexors is approximately 1.25 times that of the elbow exten-
sors (Nijhof and Kouwenhoven, 2000, and our own data, Fig. 3).

The last factor influencing the shape of the torque-angle curves
of elbow flexors and extensors is the deviation in elbow angle from
the imposed value (helb) when the subject developed maximal vol-
untary torque. We addressed this problem by monitoring the ac-
tual elbow angle (uelb) during contractions and reported that
angle instead. In Fig. 7 we plotted our torque data as a function
of uelb (dotted line) and helb (solid line). For the elbow extensors,
we see that optimal elbow angle shifts to a more flexed angle when
using imposed angles instead of angles measured at the elbow.
Also, note that the torque-angle curves obtained using imposed an-
gles are wider than those obtained using angles measured at the el-
bow and therefore overestimate torque at extreme elbow angles.
Van Zuylen et al. (1988) also measured isometric torque-angle
relationship for the elbow flexors using imposed elbow angles
and compared them with their model predictions based on angle
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dependent twitch torque amplitudes of the individual muscles.
They found an overestimation of isometric torque-angle curve at
the extreme elbow angles that is similar to our data. This confirms
that using measured elbow angles during contraction gives a better
indication of the width of the actual torque-angle relationships of
the elbow flexors and extensors.
4.2. Isometric torque-angle curves of elbow flexors and extensors

In Fig. 7 we compared our torque-angle curve of elbow flexors
and extensors with previous reported curves. Since we found sim-
ilar curves for the TH20 and TH40 conditions we averaged these
conditions to one curve for elbow flexors and one curve for elbow
extensors. Van Zuylen et al. (1988) (Fig. 7A) measured isometric
torque-angle relationships of the elbow flexors in the transverse
plane with the humerus horizontally adducted by 25� and the low-
er arm in a neutral position (midway between pronation and supi-
nation). This position is very similar to our TH20 and we can see
that the results show good agreement.

The isometric torque-angle curve of the elbow extensors
showed a maximum at elbow angle of 55�. Other researchers mea-
sured torque-angle relationships in the sagittal plane and found
this optimal elbow angle to occur at 60� (Elkins et al., 1951), 80�
(Osternig et al., 1977) or even 100� (Singh and Karpovich, 1966),
as can be seen in Fig. 7B. In the present study as well as in that
of Elkins et al. (1951), elbow angle was measured at the elbow dur-
ing the contraction, whereas in other studies it was measured
using a goniometer attached to the dynamometer arm. If we had
used imposed elbow angles (hELB) instead of measured elbow an-
gles (uELB) we would have found the optimum angle at 70� (see
Fig. 7B). Using this angle to compare our result with previous pub-
lished work we still see that Osternig et al. (1977) and Singh and
Karpovich (1966) found a more flexed angle compared to us. These
studies used a set-up in which the lower arm was fixed in supina-
tion whereas in the present set-up and the set-up used in Elkins
et al. (1951) the lower arm was fixed in a neutral position. Thus,
the fact that other researchers find the maximal torque for elbow
extensors to occur at a more flexed elbow angle then reported in
this study could be due to our measuring the torque-angle rela-
tionship in the transverse plane instead of in the sagittal plane,
to fixating the lower arm in a neutral position, or to both.
4.3. Isometric torque-angle curves under different horizontal
adduction angles

We expected that when the humerus was adducted horizontally
by 25�, short head of biceps would shorten and long head of triceps
would lengthen, causing the optimum length for these muscles to
shift towards elbow extension. In reality, the optimal angles found
in the torque-angle curves were not affected by our intervention.
First of all we should take into consideration that the contribution
of the biarticular muscles to the elbow torque is small relative to
that of the monoarticular elbow muscles. According to Nijhof and
Kouwenhoven (2000) the sum of maximal isometric torques of
the monoarticular elbow muscles is approximately 2.5 times that
of the biarticular muscles. Secondly, the length changes in the biar-
ticular muscles are probably negligible. The reason is that although
we changed the horizontal adduction angle by 25�, the scapula
partly followed the movement of the humerus in the transverse
plane, and in fact the glenohumeral angle changed by only 10�.
Based on this observation we speculate that the effect of our inter-
vention on the length of biceps and triceps was only minimal.

In sum, the findings of this study suggest that, as long as the
change of the horizontal adduction angle is small (<25�) and within
the range of 20–45� relative to the thorax, the shoulder can be sim-
plified as if the scapular bone were fixed to the humerus. This
would make the biarticular biceps and triceps in the model effec-
tively monoarticular elbow muscles. Apart from decreasing the de-
grees of freedom to be modeled, this has the advantage that when
measuring arm movements to compare with the model simulation,
the movement of the scapula does not have to be recorded. It re-
mains to be established whether this simplification also holds
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when larger changes in the horizontal adduction angle are
imposed.
5. Conclusions

Firstly, an isometric torque-angle relationship of the elbow
extensors is now available for modeling the shoulder and elbow
system in the transverse plane. Secondly, for the most part the ob-
served variation in normalized extensor torque with elbow angle
can be attributed to force-length relationship and the moment
arm-angle relationship of the elbow extensors. Thirdly, we recom-
mend that for future measurement of torque-angle relationships
actual joint angles during contraction be measured to avoid over-
estimation of the joint torque at extreme elbow angles. Fourthly,
we conclude that isometric torque-angle relationships at the elbow
in the transverse plane are not influenced by moderate changes in
horizontal adduction angle of the humerus.
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Appendix A

In this appendix, we will clarify how the measurement error
due to misalignment between the rotation axis of the dynamome-
ter and the rotation axis of the elbow was estimated.

The net joint torque produced around the elbow (TE) can be ex-
pressed as:

TE ¼ EPj j � FP ðA1Þ

With |EP| the distance between the rotation axis of the elbow
and the point of force transduction (P) from the hand to the handle
of the dynamometer, and FTE the force applied at P perpendicular to
the lower arm. When assuming that all force generated by the par-
ticipant was applied perpendicular to the lower arm (as was in-
X-axis

Y-axis

 axis dynamometer = R

point of force transduction =P

 E = axis elbow

FP, y

FP

Fig. A1. The misalignment between the rotational axis of the elbow and the axis of
the dynamometer can be expressed as the angle between the participant’s lower
arm and the dynamometer arm (a). The relative error in the measured torque as a
function of a was estimated. It was assumed that participants applied force at P (FP)
perpendicular to their lower arm.
structed to the participant), torque measured by dynamometer
(TR) can be expressed as:

TR ¼ RPj j � FP;y ¼ RPj j � FP � cosðaÞ ðA2Þ
With |RP| the distance between the rotational axis of the dynamom-
eter (R) and P and a the angle of misalignment (see Fig. A1). We de-
fine the relative measurement error relative to TE as:

Error ¼ TR � TE

TE
ðA3Þ

This error can be rewritten as:

Error ¼ RPj j � FP � cosðaÞ � EPj j � FP

EPj j � FP
ðA4Þ

As the set-up was adjusted to the participant so that E was in-
line with R this means that |RP| = |EP|. When assuming that the
misalignment does not affect |EP| we can rewrite Eq. (A4) to a sim-
ple relation between the measurement error and the angle of
misalignment:

Error ¼ cosðaÞ � 1 ðA5Þ
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